Shigella dysenteriae serotype 1 and Shiga toxin-producing Escherichia coli (STEC) are causative agents of bacillary dysentery and hemorrhagic colitis, respectively. These bacteria produce potent cytotoxins known as Shiga toxins (Stxs). Shiga toxin produced by S. dysenteriae serotype 1 and Shiga toxin 1 (Stx1) produced by STEC are essentially identical toxins. STEC may also express one or more Stxs that are antigenically distinct from Stx1, called Stx2 and Stx2 variants (31, 34) . The toxins are thought to damage blood vessels serving the colon (9) . In addition to exacerbating intestinal damage associated with infection, Stxs are associated with the development of life-threatening postdiarrheal complications (21) . The action of Stxs on glomerular and brain microvascular endothelial cells may activate prothrombotic and proinflammatory cascades that lead to the development of the hemolytic-uremic syndrome (HUS) and central nervous system (CNS) complications (36, 38, 46) . Stxs are AB 5 toxins, having a single enzymatic A-subunit in noncovalent association with five identical B-subunits (12, 47) . Stx B-subunits bind to cells primarily through interaction with the membrane glycolipid receptor globotriaosylceramide (Gb 3 ) (19, 26) . Following clathrin-dependent endocytosis, the toxins undergo retrograde transport through the trans-Golgi network and the Golgi apparatus to reach the endoplasmic reticulum and nuclear membranes, where the toxins gain access to the cytosol (reviewed in reference 44). During transport, the A-subunit is cleaved and reduced, and once in the cytosol, the enzymatic A 1 fragment mediates the depurination of a single adenine residue located near the 3Ј end of 28S rRNA of the 60S ribosomal subunit (8, 45) . The single cleavage event results in the inhibition of peptide elongation and the loss of protein synthesis (16, 35) .
While the mechanism of action of Stxs and the resultant cytotoxicity are well described, the pathogenic mechanism(s) leading to the profound vascular damage seen in HUS is less well understood. Possible contributors to pathogenesis may include bacterial lipopolysaccharides (LPS) and the proinflammatory cytokines tumor necrosis factor alpha (TNF-␣) and interleukin-1␤ (IL-1␤). Patients with bacillary dysentery or HUS caused by S. dysenteriae serotype 1 are frequently endotoxemic (23) , and patients with hemorrhagic colitis or HUS caused by STEC frequently present with elevated antibody titers directed against STEC O antigens (20, 38) . LPS are known to be potent inducers of cytokine production. TNF-␣ and IL-1␤ levels are elevated in the serum and urine of some HUS patients but are not consistently elevated, as in the case with endotoxic shock (reviewed in reference 49). Although the relative detrimental and beneficial effects of cytokines in the pathogenesis of HUS remain unclear, TNF-␣ and IL-1␤ treatment promotes the up-regulation of membrane Gb 3 expression on cultured vascular endothelial cells derived from human umbilical veins, brain, and renal glomeruli, resulting in increased sensitivity to Stxs in vitro (7, 27, 28, 40, 54, 56) . These data suggest that TNF-␣ and IL-1␤ may contribute to the pathogenesis of HUS by rendering blood vessels in the colon, kidneys, and CNS more susceptible to the destructive action of Stxs. Isogai et al. (18) showed that the exogenous administration of TNF-␣ to mice infected with STEC exacerbated the severity of CNS and glomerular pathology, while treatment with a TNF-␣ inhibitor ameliorated vascular damage. The source(s) of cytokines in target organs is not known, but macrophages are known to be major producers of proinflammatory cytokines when stimulated with microbes or microbial products (33, 41, 57) . Human macrophages produce TNF-␣ and IL-1␤ when stimulated with purified Stxs in vitro (39, 55) . Infusion of purified Stx1 into mice harboring a TNF-␣ promoter-chloramphenicol acetyltransferase transgene showed selective induction of chloramphenicol acetyltransferase activity in the kidneys (14) . Collectively, these data suggest that tissue macrophages localized to target organs are possible sources of TNF-␣ and IL-1␤.
Earlier studies by Sakiri et al. suggested that Stxs stimulate cytokine production through activation of transcription factors nuclear factor B (NF-B) and activator protein 1 (AP-1) (43). We noted, however, that stimulation of the differentiated human monocytic cell line THP-1 with Stx1 or Stx1 plus LPS resulted in the prolonged elevation of TNF-␣ transcripts compared to cells stimulated with LPS alone. These data suggested that Stxs may regulate cytokine expression at transcriptional and posttranscriptional levels. We hypothesized that cytokine mRNAs may be stabilized in macrophages stimulated with Stxs, explaining in part the prolonged high steady-state levels of TNF-␣ mRNA extracted from toxin-treated cells. Therefore, we measured the kinetics of TNF-␣ and IL-1␤ mRNA induction and determined the rates of mRNA decay through the use of the transcriptional inhibitor actinomycin D (ActD). Finally, we examined the kinetics of Stx1-induced IL-1␤ protein production and the requirement for the presence of the Stx1 A subunit in the activation of IL-1␤ production.
MATERIALS AND METHODS

Cells.
The human myelogenous leukemia cell line THP-1 (53) was purchased from American Type Culture Collection (Rockville, Md.). Cell cultures were maintained in RPMI 1640 (Gibco-BRL, Grand Island, N.Y.) supplemented with 10% fetal bovine serum (HyClone Laboratories, Logan, Utah), penicillin (100 U/ml), and streptomycin (100 g/ml) at 37°C in 5% CO 2 in a humidified incubator.
Toxins. Stx1 was expressed from E. coli DH5␣ transformed with plasmid pCKS112 containing the toxin operon under control of the T7 promoter (50) . Stx1 in crude bacterial lysates was purified by sequential ion-exchange, chromatofocusing, and immunoaffinity chromatography as described previously (51) . The toxin was assessed for homogeneity by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis with silver staining and Western blots. The toxin preparation was then passed through ActiClean Etox columns (Sterogene Bioseparations, Carlsbad, Calif.) to remove trace endotoxin contaminants and was determined to contain Ͻ0.1 ng of endotoxin per ml by the Limulus amebocyte lysate assay (Associates of Cape Cod, Falmouth, Maine). Purified Stx1 B-subunits were the kind gift of Cheleste Thorpe, Tufts University School of Medicine, Boston, Mass. Purified LPS derived from E. coli O111:B4 were purchased from Sigma Chemical Co. (St. Louis, Mo.).
Macrophage differentiation and stimulation. The mature macrophage-like state was induced by treating THP-1 cells (10 6 cells per ml) for 48 h with phorbol 12-myristate 13-acetate (PMA; Sigma) at a concentration of 50 ng/ml in 100-mm-diameter culture dishes. Differentiated, plastic-adherent cells were washed twice with cold Dulbecco's phosphate-buffered saline (Sigma) and incubated with fresh medium lacking PMA but containing 10% fetal bovine serum, penicillin (100 U/ml), and streptomycin (100 g/ml). The medium was then changed every 24 h for 3 additional days. Experiments were performed on the fourth day after removal of PMA.
For Northern blot analyses, differentiated cells were treated with LPS (200 ng/ml), Stx1 (400 ng/ml), or both for various times. Ramegowda and Tesh demonstrated that these stimulant doses produced maximal cytokine protein secretion in differentiated THP-1 cells in vitro (39) . The amount of Stxs necessary to cause systemic disease in humans is unknown, but the Stx1 dose used in these experiments represents approximately 4 ϫ 10 5 50% cytotoxic doses for Vero cells and approximately 1 50% lethal dose for CD-1 mice (50). To determine mRNA decay rates, differentiated THP-1 cells were treated with the same concentrations of stimulants in the presence or absence of the transcriptional inhibitor ActD (Sigma) using the protocol of Harrold et al. (15) . Since we have shown that the induction kinetics of TNF-␣ and IL-1␤ are slower in response to treatment with Stx1 than for treatment with LPS, actD (5.0 g/ml) was added to the cells 1 h after LPS stimulation or 2 h after stimulation with Stx1 or Stx1 plus LPS. Two 1.0-ml aliquots of all cell supernatants were collected and stored at Ϫ20°C for use in enzyme-linked immunosorbent assays (ELISAs).
Probe synthesis. The human TNF-␣ and IL-1␤ cDNA clones were purchased from American Type Culture Collection and grown in Luria-Bertani broth (Difco, Detroit, Mich.) containing ampicillin (50 g/ml; Sigma) or tetracycline (20 g/ml; Sigma), respectively. Plasmids containing the TNF-␣ and IL-1␤ cDNAs were isolated using the QIAprep spin miniprep kit (Qiagen, Valencia, Calif.) and subsequently digested with restriction endonucleases (New England Biolabs, Beverly, Mass.) AvaI and HindIII for TNF-␣ or PstI for IL-1␤. Digestion of the TNF-␣ cDNA resulted in a 578-bp fragment containing 450 bp of the TNF-␣ coding region as well as 128 bp of the 3Ј untranslated region (3Ј-UTR). Digestion of the IL-1␤ cDNA resulted in a 1,047-bp fragment containing the entire IL-1␤ coding region plus 5Ј-and 3Ј-UTRs. Fragments were visualized with ethidium bromide after electrophoresis of the digests into 1.2% agarose gels. The 578-and 1,047-bp DNA fragments were excised and purified using the QIAquick gel extraction kit (Qiagen). Approximately 25 ng of the TNF-␣ and IL-1␤ cDNA fragments were resuspended in sterile water for use in [␣-
32 P]dCTP random primer labeling reactions employing the Rediprime II kit (Amersham Pharmacia Biotech Inc., Piscataway, N.J.). A 316-bp human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) DNA probe (Ambion, Inc., Austin, Tex.) was randomly prime labeled using the Rediprime II kit to detect GAPDH mRNA that served as a mRNA stability control as well as a loading control. Following labeling, unincorporated [␣ 32 P]dCTP was removed using TE-Midi-Select D G-50 Sephadex columns (Shelton Scientific, Shelton, Conn.). The labeled probes were ready to use after boiling for 5 min.
Northern blot analysis. Total RNA from Stx1-and/or LPS-stimulated or purified Stx1 B-subunit-stimulated, differentiated THP-1 cells was extracted using the TRIzol reagent (Gibco Life Technologies) protocol for cell monolayers. Following extraction, total RNA samples (10 g of RNA induced by LPS and by Stx1 plus LPS and 15 g of RNA induced by Stx1 and Stx1 B-subunit) were electrophoresed into 1.0% agarose-formaldehyde gels at 50 V for 1.5 h and then transferred to positively charged nylon membranes using the Turboblotter apparatus (Schleicher & Schuell, Keene, N.H.) for 3 h. Transferred RNA was cross-linked to membranes using a UV cross-linker (Bio-Rad, Hercules, Calif.). Membranes were washed in 2ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate)-0.5% SDS for 30 to 60 min, after which they were prehybridized at 42°C for 3 h with salmon testes DNA (Sigma) in a prehybridization solution of 50% formamide (Sigma) and 10% SDS (Sigma). Radiolabeled probes were then added to the hybridization buffer overnight at 42°C. After hybridization, blots were rinsed with 2ϫ SSC, washed twice with 2ϫ SSC-1.0% SDS for 15 min at room temperature, and then washed once with 0.1ϫ SSC-1.0% SDS for 30 min at 60°C. Blots were dried briefly prior to exposure to a PhosphorImager screen and analyzed using a PhosphorImager (Molecular Dynamics). Membranes were stripped by boiling in 0.1ϫ SSC-0.1% SDS twice for 15 min and sequentially reprobed with IL-1␤ and GAPDH probes at 42°C. Quantitation of pixel intensities of the RNA bands was done using ImageQuant software (Molecular Dynamics). Data are expressed as percentage above basal level as determined by the following equation: [(intensity of stimulated cells Ϫ intensity of unstimulated cells)/intensity of unstimulated cells] ϫ 100.
IL-1␤ ELISA. IL-1␤ production was quantitated using the human IL-1␤ Quantikine sandwich ELISA kit from R&D Systems (Minneapolis, Minn.). Supernatants from treated cells were centrifuged to remove cellular debris. LPS and Stx1 plus LPS samples were diluted 1:10, while Stx1 and Stx1 B-subunit samples were left undiluted. Two hundred microliters of each sample was added to three replicate wells on the ELISA plates for detection of IL-1␤. Following the manufacturer's protocol, A 450 and A 570 were measured (Dynatech MR5000; Dynatech Laboratories, Chantilly, Va.), and IL-1␤ production levels were calculated by using a standard curve. The sensitivity of the assay is 1.0 pg/ml.
Statistics. Statistics for experiments were performed with the SAS statistics program (SAS Institute, Cary, N.C.) or the SPSS statistics program (SPSS, Inc.,
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Chicago, Ill.). TNF-␣ and IL-1␤ mRNA kinetics were analyzed using two-way analyses of variance (ANOVAs) with the Duncan multiple-range test for post hoc comparisons. IL-1␤ protein kinetics were analyzed using one-way ANOVAs with the Duncan multiple-range test used for post hoc analysis. Two-way ANOVAs were used to compare differences in cytokine mRNA levels in cells treated with different stimuli in the presence of ActD with Bonferroni's correction for multiple comparisons used for post hoc comparisons. For mRNA half-lives, the data were rank ordered and subjected to one-way ANOVAs, using the Duncan multiple-range test, to compare mRNA half-lives between the different stimuli. P values of Յ0.05 were considered significant for all analyses. All data are presented as means and standard errors of the means from a compilation of at least three independent experiments.
RESULTS
Comparison of TNF-␣ and IL-1␤ mRNA kinetics in THP-1 cells stimulated with Stx1, LPS, and Stx1 plus LPS. Earlier studies by Sakiri et al. demonstrated that Stx1 treatment of differentiated THP-1 cells resulted in the induction of relatively stable TNF-␣ mRNA transcripts (43) . Therefore, we extended our initial 12-h analysis to 72 h. In this analysis, we examined TNF-␣ mRNA induction in differentiated THP-1 cells treated with Stx1 in the presence or absence of LPS. Treatment with LPS alone and with Stx1 plus LPS rapidly induced TNF-␣ transcripts with peak induction occurring at 30 to 60 min poststimulation (Fig. 1a) . The peak percentage increase of TNF-␣ mRNA above the basal level induced by Stx1 and LPS (6,245 Ϯ 2,050) is roughly double the peak percentage increase induced by LPS alone (3,014 Ϯ 1,305), and the difference between the two values is statistically significant (P ϭ 0.003). The reduction of steady-state TNF-␣ mRNA levels to basal values was rapid, although the reduction in mRNA levels after Stx1 plus LPS stimulation was delayed compared to treatment with LPS alone. Stx1 was not as potent an inducer of TNF-␣ transcripts as LPS (P ϭ 0.04) or both stimulants (P Ͻ 0.0001), as Stx1 induced approximately 1/10 the peak percentage increase in TNF-␣ mRNA levels (808 Ϯ 540) induced by Stx1 plus LPS (Fig. 1b) . However, over a 4-to 12-h time frame, TNF-␣ transcripts induced by Stx1 appeared relatively stable, with reductions in steady-state mRNA levels appreciable only after 12 h of stimulation.
Given the ability of IL-1␤ as well as TNF-␣ to increase Gb 3 expression by vascular endothelial cells in vitro (54), we also determined the kinetics of IL-1␤ mRNA induction up to 72 h after toxin stimulation. While IL-1␤ mRNA induction also occurred rapidly in response to treatment with LPS or with Stx1 plus LPS (Fig. 2a) , the induction kinetics were delayed compared to TNF-␣, with peak values achieved at 2 h (LPS treatment) to 4 h (Stx1 plus LPS treatment). Treatment of cells with both stimulants did not significantly augment total IL-1␤ mRNA levels above those induced by LPS alone, in contrast to the increased production of TNF-␣ transcripts in Stx1-plus-LPS-treated cells. mRNA was induced with slower kinetics with peak values reached at 24 h (Fig. 2b) . Regardless of the stimulants used, IL-1␤ mRNA levels remained elevated longer compared to TNF-␣ transcripts. In contrast to TNF-␣ mRNA, IL-1␤ transcripts appeared to be induced to a higher level by Stx1. The peak percentage increases of IL-1␤ mRNA induced by treatment with LPS (12,114 Ϯ 1,764) or Stx1 plus LPS (11,869 Ϯ 2,350) were approximately twice that induced by Stx1 alone (P ϭ 0.04 or P ϭ 0.11, respectively). The prolonged elevations in steady-state transcript levels suggest that TNF-␣ and IL-1␤ expression may be regulated, in part, by Stxs at a posttranscriptional level. An important caveat in the interpretation of these data is that as the treatment times were prolonged, the number of cells detaching from the plates increased, especially with Stx1 plus LPS treatment (data not shown). Thus, at the later time points, the decline in cytokine mRNA levels may be correlated with loss of cell attachment or cell viability associated with Stx1 and/or LPS treatment.
IL-1␤ protein production in THP-1 cells following Stx1, LPS, and Stx1 plus LPS treatment. We previously showed that TNF-␣ elicited by Stx1 treatment of THP-1 cells was secreted into cell supernatants with maximal values of secreted TNF-␣ detected approximately 3 h after toxin stimulation (43) . However, the kinetics of IL-1␤ protein production have not been determined in differentiated THP-1 cells treated with Stx1 in the presence or absence of LPS. To demonstrate that IL-1␤ transcripts were effectively translated in toxin-treated cells, we measured IL-1␤ protein levels in cell supernatants using a sensitive (Ϸ1.0 pg/ml) ELISA. The results shown in Fig. 3 show that regardless of the stimulant used, IL-1␤ production increased over 72 h. The kinetics of IL-1␤ protein production correlated with IL-1␤ mRNA production for all the treatments, in that IL-1␤ mRNA production preceded IL-1␤ protein production. Consistent with levels of mRNA induction, Stx1 appeared to be a less potent inducer of IL-1␤ protein production and release than LPS alone or Stx1 plus LPS (P Ͻ 0.001 from 8 to 72 h).
IL-1␤ mRNA and protein production in THP-1 cells requires the Stx1 A subunit. To determine the possible requirement of Stx1 enzymatic activity in IL-1␤ production, we stimulated THP-1 cells for 24 h with 400 or 800 ng of purified Stx1 B subunit per ml or with 400 ng of Stx1 per ml. Purified Stx1 B subunit did not result in a significant increase of IL-1␤ protein over the control value, suggesting that the presence of the A subunit may be necessary for IL-1␤ protein production (Fig.  4a) . Furthermore, treatment of differentiated THP-1 cells with Stx1 B subunit did not result in the expression of IL-1␤ mRNA (Fig. 4b) . (10, 43) . Prolonged activation of these factors may contribute to the phenomenon of elevated cytokine mRNA levels in toxintreated cells. Cytokine expression may also be regulated at posttranscriptional levels, and one of the main mechanisms of posttranscriptional control is regulation of transcript stability (reviewed in reference 42). Thus, the toxins may disrupt mechanisms that normally facilitate cytokine mRNA decay. We performed Northern blot analysis using the transcriptional inhibitor ActD to compare the decay rates of TNF-␣ and IL-1␤ mRNAs in THP-1 cells stimulated with Stx1, LPS, or Stx1 plus LPS. Differentiated THP-1 cells were treated either with Stx1 or Stx1 plus LPS for 2 h or with LPS for 1 h. ActD (5.0 g/ml) was added to each plate for 15, 30, 60, 90, 120, and 150 min. The mRNA stability and loading control, GAPDH, showed a stable transcript over the time course of all experiments conducted and allowed for normalization of TNF-␣ and IL-1␤ mRNA levels. Treatment of THP-1 cells with Stx1 or Stx1 plus LPS resulted in TNF-␣ transcript levels that were significantly different from LPS-induced transcript levels (P Յ 0.001) after actD addition over time (Fig. 5) .
Half-lives for TNF-␣ transcripts induced by LPS, Stx1, and Stx1 plus LPS treatments are shown in Table 1 . Statistical analysis revealed that only the half-lives of TNF-␣ transcripts induced by Stx1 plus LPS versus LPS alone were significantly different (P Յ 0.05). For IL-1␤ transcripts in the presence of ActD, Stx1 plus LPS and Stx1 treatments resulted in significantly higher transcript levels than LPS treatment (P Յ 0.001 and P Յ 0.005, respectively) (Fig. 6) . Half-lives for IL-1␤ transcripts induced by LPS, Stx1, and Stx1 plus LPS treatments are shown in Table 1 . Statistical analysis did not reveal significant differences in the half-lives of IL-1␤ transcripts induced by LPS versus Stx1. Due to the parameters of the experiment, we cannot accurately estimate the half-life of IL-1␤ transcripts induced by Stx1 plus LPS (half-life of Ͼ150 min).
DISCUSSION
In addition to their critical roles in the innate host response and the induction of inflammation, TNF-␣ and IL-1␤ may also contribute to the pathogenesis of vascular damage that follows the systemic distribution of Stxs in the bloodstream. Our studies confirm earlier reports that LPS rapidly induce TNF-␣ and IL-1␤ transcripts in macrophages (reviewed in reference 4). Compared to LPS, Stx1 is a less robust inducer of cytokine mRNA in terms of the kinetics of induction and total amount induced, although the transcripts remained elevated for a prolonged time ( Fig. 1 and 2 ). Stx1 induction of maximal TNF-␣ and IL-1␤ mRNA expression was delayed (12 and 24 h, respectively) compared to LPS-induced (0.5 and 2 h, respectively) or Stx1-plus-LPS-induced (1 and 4 h, respectively) maximal expression. The reason for the delay in induction of cytokine mRNAs by Stx1 is unknown but may be attributable to the necessity for toxin internalization, retrograde transport, A-subunit processing, and translocation into the cytosol for toxin enzymatic activity. In contrast, LPS rapidly initiate transmembrane signaling events in macrophages through TLR4/ MyD88 after binding to the cell surface receptor CD14 (5). THP-1 cells exposed to both stimulants showed rapid mRNA induction characteristic of LPS treatment and prolonged mRNA elevation characteristic of Stx1 treatment, suggesting that the bacterial products may signal through separate pathways to elicit cytokine expression. The presence of both bacterial products in the bloodstream or inflammatory loci may optimize proinflammatory cytokine production. The kinetics data also suggest that TNF-␣ and IL-1␤ are differentially regulated. For all treatments, TNF-␣ mRNA reached maximal levels and returned to basal levels before IL-1␤ transcripts. We previously showed that Stx1-induced TNF-␣ mRNA and protein expression were temporally correlated in that peak mRNA levels were reached at 2 h while peak protein levels were detected 3 h after toxin stimulation and remained elevated for up to 12 h. Compared to Stx1 stimulation, Stx1 plus LPS treatment augmented TNF-␣ mRNA induction, resulting in 10-fold-higher TNF-␣ protein levels detected in supernatants (43) . We show here that the production of soluble IL-1␤ protein by THP-1 cells in response to Stx1 is very different. 
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Although IL-1␤ mRNA was induced by Stx1 treatment, the levels of soluble IL-1␤ protein detected in cell supernatants (Fig. 3) were much less than predicted from the IL-1␤ transcript levels induced by Stx1 (Fig. 2b) . IL-1␤ mRNA levels in THP-1 cells stimulated with Stx1 were roughly half of the IL-1␤ mRNA levels in cells stimulated with LPS alone or Stx1 plus LPS. IL-1␤ protein levels, however, were 20-fold less in THP-1 cells treated with Stx1 than in cells treated with LPS alone or Stx1 plus LPS. The precise reason for the discrepancy between Stx1-induced IL-1␤ mRNA and protein levels is unclear. An obvious explanation is that Stx1 inhibits protein synthesis. However, we have previously shown that, at the concentrations used in this study, Stx1 mediated a modest (Ϸ10%) reduction in total protein synthesis in differentiated THP-1 cells (11) . An alternative explanation is that Stx1 may affect posttranslational processing and release mechanisms necessary for IL-1␤ expression that are not required for secretion of TNF-␣.
The 26-kDa membrane-associated form of TNF-␣ is cleaved Whether Stxs similarly affect inflammasome function and posttranslational processing mechanisms necessary for IL-1␤ secretion remains to be clarified. The presence of LPS, however, appears to restore IL-1␤ processing, as the levels of soluble IL-1␤ released in response to LPS alone versus Stx1 plus LPS are comparable. LPS signaling occurs earlier than Stx1 signaling, probably because Stx1 needs to be transported into the cell in order to elicit its effects. Thus, LPS-mediated signaling leading to the release of IL-1␤ may occur prior to Stx-mediated signaling events.
The contribution of Stx B subunits in various biological activities may differ. For example, purified Stx1 B-subunits were reported to trigger apoptosis of Burkitt's lymphoma Bcell lines (29) , while apoptosis induction of other cell types requires holotoxin. Earlier studies have suggested that Stx enzymatic activity is essential for IL-8 and TNF-␣ expression (11, 52, 58) . Our data support a role for Stx1 A subunit in IL-1␤ mRNA and protein production, since no elevations in IL-1␤ mRNA or protein above the unstimulated control values are (Fig. 4) . Excessive or prolonged expression of the cytokines TNF-␣ and IL-1␤ may lead to deleterious effects, such as vascular leak syndrome and hypovolemic shock, coagulopathies, and the development of autoimmune diseases. Therefore, it is not surprising that TNF-␣ and IL-1␤ expression are tightly regulated at transcriptional, posttranscriptional, and posttranslational stages. We previously demonstrated that Stx1, like other protein synthesis inhibitors acting on the 28S rRNA (17) , induces the ribotoxic stress response (10) . Downstream substrates of JNK and p38 mitogen-activated protein kinase cascades are known to be transcriptional activators of TNF-␣ and IL-1␤ gene expression. Nuclear lysates prepared from Stx1-treated THP-1 cells contained increased levels of proteins capable of binding oligonucleotides with NF-B and AP-1 binding sites (43) . Collectively, these data suggested that the Stxs regulate cytokine expression at a transcriptional level. The kinetic analyses in this study suggest that Stx1 has a regulatory effect on TNF-␣ and IL-1␤ mRNA stability, since steady-state cytokine transcripts from both Stx1-and Stx1-plus-LPS-treated cells remain elevated longer compared to LPS-induced transcripts.
To determine whether Stx1 regulated TNF-␣ and IL-1␤ mRNA levels at a posttranscriptional stage, we determined the decay rates of transcripts induced by Stx1, LPS, or Stx1 plus LPS ( Fig. 5 and 6 ). The combined kinetics and mRNA stability data suggest that when Stxs and LPS are present after infection with Stx-producing bacteria, TNF-␣ transcript levels may be maximally increased, i.e., superinduced, via alterations in transcriptional and posttranscriptional control mechanisms. Interestingly, this phenomenon has been described for chemokine mRNAs after treatment of the human intestinal epithelial cell line HCT-8 with Stx1 (52) . Our studies on the regulation of IL-1␤ transcript expression produced different results. Treatment of cells with LPS or Stx1 plus LPS resulted in similar levels of steady-state transcripts, i.e., IL-1␤ mRNA was not superinduced by Stx1 plus LPS. However, the half-life of IL-1␤ transcripts induced by Stx1 plus LPS appeared to be greater than that induced by LPS or Stx1 alone.
The precise mechanisms by which Stxs regulate cytokine transcript levels remain to be fully characterized, but it is known that many posttranscriptional control mechanisms map to the AU-rich elements (ARE) found within the 3Ј-UTRs of cytokine transcripts (2) . Binding of proteins within the ARE may regulate transcript processing and translation in different ways. For example, binding of proteins within the TNF-␣ ARE may facilitate nuclear export of transcripts into the cytoplasm (6) . Binding of the zinc finger protein tristetraprolin or butyrate response factors to TNF-␣ ARE leads to increased mRNA deadenylation and degradation of the body of the transcript (3, 24, 25, 48) . Interaction of the RNA-binding proteins TIA-1 and TIAR with the TNF-␣ ARE results in translational silencing (13, 37) via a mechanism which sequesters TNF-␣ mRNA in cytoplasmic ribonucleoprotein complexes called stress granules (22) . Experiments to further characterize the mechanism(s) of Stx-mediated cytokine mRNA stabilization are planned.
Why some patients develop uncomplicated bloody diarrhea and others progress to life-threatening sequelae is not understood. Our data suggest that the presence of both Stxs and endotoxin in the bloodstream may be a predictor of progression to systemic disease.
